Here we present previously unreported glucosinolate production by hairy root cultures of broccoli (B. oleracea var. italica). Growth media greatly influenced the growth and glucosinolate content of hairy root cultures of broccoli. Seven glucosinolates, glucoraphanin, gluconapin, glucoerucin, glucobrassicin, 4methoxyglucobrassicin, gluconasturtiin, and neoglucobrassicin, were identified by analysis of the broccoli hairy root cultures. Both half and full strength B5 and SH media enabled the highest accumulation of glucosinolates. In most cases, the levels of glucosinolates were higher in SH and BS media. Among the 7 glucosinolates, the accumulation of neoglucobrassicin was very high, irrespective of growth medium. The neoglucobrassicin content was 7.4-fold higher in SH medium than 1/2 MS, in which its level was the lowest. The 1/2 B5 medium supported the production of the highest amounts of glucobrassicin and 4methoxyglucobrassicin, the levels for which were 36.2-and 7.9-fold higher, respectively, than their lowest content in 1/2 MS medium. The 1/2 SH medium enabled the highest accumulation of glucoraphanin and gluconapin in the broccoli hairy root cultures, whose levels were 1.8-and 4.6-fold higher, respectively, than their lowest content in 1/2 MS medium. Our results suggest that hairy root cultures of broccoli could be a valuable alternative approach for the production of glucosinolate compounds.
Broccoli (Brassica oleracea var. italica) is a well-known, cool weather vegetable of the family Brassicaceae (Cruciferae). Its head is a cluster of buds that are harvested before they bloom, providing a good source of nutritional benefits. The Brassicaceae family includes many important vegetable crops, containing glucosinolates, and their breakdown products [1] . Glucosinolates (GLS), bthioglucoside-N-hydroxysulfates (cis-N-hydroximinosulfate esters) are sulfur rich, anionic secondary metabolites derived from glucose and an amino acid. They are found almost exclusively within the plant order Brassicales (including the families Brassicaceae, Capparidaceae and Caricaceae), but also in the genus Drypetes (family Euphorbiaceae). About 200 different glucosinolates are known to occur naturally in plants [2, 3] .
Glucosinolates are hydrolyzed into many bioactive compounds by the endogenous enzyme, myrosinase (β-thioglucosidase glucohydrolase) (EC 3.2.3.1). These hydrolysis products include substituted isothiocyanates, nitriles, thiocyanates, epithionitriles and oxazolidinethiones, which defend the plant in nature and have various biological activities beneficial for human health [4] [5] [6] [7] . Glucosinolates from Cruciferae species have been associated with a reduced risk of cancer of the lung, stomach, breast, prostate, pancreas, colon and rectum [8, 9] .
Hairy root cultures of many plant species have been widely studied for the production of secondary metabolites useful as pharmaceuticals, cosmetics and food additives [10] [11] [12] . Glucosinolate production by hairy root culture of broccoli has never been reported. Here, we describe broccoli hairy root induction and culture for the production of glucosinolates by hairy root cultures of B. oleracea var. italica transformed with Agrobacterium rhizogenes.
Establishment of broccoli hairy root cultures:
Hairy root cultures of broccoli were initiated with stem explants inoculated with A. rhizogenes R1000. After 2 days of co-cultivation, explant tissues were transferred to agar-solidified MS medium containing 500 mg/L cefotaxime to eliminate A. rhizogenes. Hairy roots initially emerged from the wound sites on the broccoli stem explants within 5 to 7 days after inoculation. After 10 to 14 days, the hairy roots began to grow more rapidly. Approximately 4 weeks after cocultivation with A. rhizogenes, the hairy roots were excised from the necrotic explant tissues and subcultured on fresh agar-solidified medium containing 500 mg/L cefotaxime. Mature hairy roots were generally thicker, and exhibited more prolific branching, and after repeated transfer to fresh medium for 2 to 3 months, rapidly growing hairy roots of broccoli were transferred to liquid culture.
It has been proved that the rol gene of the Ri-plasmid in A. rhizogenes is responsible for the induction of hairy roots in plant species. To confirm the insertion of rol genes, PCR analysis was performed by using specific primers which could detect rol A, B, C, and D genes. Hairy roots gave the expected bands for rol A (304 bp), B (797 bp), C (550 bp), and D (1035 bp) genes whereas the wild type (control) root was negative for rol genes. These results reveal that the hairy root contain rol genes of the Ri-plasmid (data not shown). To examine the effect of different media on hairy root growth and glucosinolate (GSL) production, hairy roots of broccoli were cultured for 3 weeks in full-and half-strength MS, B5, and SH basal media supplemented with 3% sucrose. Among these different media, both full-and half-strength MS media supported the highest growth of hairy roots ( Figure 1 ) . In particular, hairy roots grown in full-strength MS medium showed the highest levels of growth (0.17 g/30 mL). The amount of hairy root production with half strength MS was close (0.17 g/30 mL) to that of full-strength MS. The halfstrength SH medium produced the lowest amount of hairy roots (0.084 g/30 mL).
Analysis of glucosinolates:
Analysis of the hairy root cultures of broccoli identified 7 glucosinolates (GSLs), glucoraphanin, gluconapin, glucoerucin, glucobrassicin, 4-methoxyglucobrassicin, gluconasturtiin, and neoglucobrassicin by HPLC and LC/ESI-MS/MS. The chemical structures of the glucosinolates found in the hairy root cultures of broccoli are presented in Figure 1 . The content of glucosinolates ( Figure 2 ) was greatly influenced by the growth media. Both half and full strength B5 and SH media supported the highest accumulation of glucosinolates. In most cases, the levels of glucosinolates were higher in SH and BS media. Among the 7 glucosinolates, the accumulation of neoglucobrassicin was very high irrespective of growth medium. The neoglucobrassicin content in broccoli hairy root cultures ranged from 9.4 to 70.0 µmol/g DW in the different growth media. The neoglucobrassicin content was 7.4, 1.7, 1.6, 1.3, and 1.1 fold higher in SH media than in 1/2 MS, MS, 1/2 SH, B5, and 1/2 B5, respectively. The content of glucobrassicin and 4-methoxyglucobrassicin ranged from 0.47 to 17.0 and from 1.7 to 13.3 µmol/g DW, respectively, among the growth media used in this study. The 1/2 B5 medium enabled the highest accumulation of both compounds, which were 36.2-and 7.9-fold higher, respectively, than the lowest content using 1/2 MS medium. The levels of these two compounds were similar in the different growth media. The 1/2 SH medium enabled the highest accumulation of glucoraphanin and gluconapin in the broccoli hairy root cultures and their levels were 1.8-and 4.6-fold higher, respectively, than the lowest content obtained using 1/2 MS medium. The levels of these two compounds were very similar in the different growth media. The content of glucoerucin ranged from 2.9 to 10.2 µmol/g DW among the growth media used in this study. B5 medium supported the highest content of this compound, which was 3.5, 1.9, and 1.5 fold higher than in 1/2 MS, 1/2 SH, and SH, respectively. The content of gluconasturtiin ranged from 2.7 to 5.2 µmol/g DW among the growth media used. SH medium supported the highest content of this compound. Among all the compounds, the variation in the level of gluconasturtiin was low irrespective of the growth media used. A. rhizogenes infects the wounds of many plant species and the infections are characterized by the production of adventitious roots with numerous root hairs [13, 14] . Generally, hairy root cultures established by transformation with A. rhizogenes are attractive for the production of secondary metabolites because such cultures are genetically and biochemically stable, show rapid growth rates, and have the ability to synthesize useful natural compounds at levels comparable to those produced by wild-type roots [15] . Therefore, hairy root cultures may be useful for studying the production of important natural products. Here, we describe for the first time, an efficient A. rhizogenes-mediated transformation protocol for the establishment of broccoli hairy root cultures. Specifically, we achieved the production of 7 glucosinolate compounds in transformed roots of broccoli using A. rhizogenes R1000.
The identified GSLs were classified into 3 categories based upon their amino acid precursors: (i) aliphatic GSLs derived from methionine (glucoraphanin, gluconapin, glucoerucin); (ii) aromatic GSLs derived from phenylalanine (gluconasturtiin); and (iii) indolic GSLs derived from tryptophan (glucobrassicin, 4methoxyglucobrassicin, neoglucobrassicin). In the Brassica genus, aliphatic GSLs are most common, but traces of indolic GSLs are also present [16, 17] . In the present study, the highest GSL produced was neoglucobrassicin, which ranged from 41 to 70 μmol/g dry wt., except for the control (1/2 MS) ( Table 1 ). These data are in agreement with those from Spanish broccolis (12 ~ 71 μmol/g dry wt.) grown under various climatic and fertilization conditions in an experimental field [18] . It is well-known that the GSL content in plants varies widely according to environmental effects such as agronomic management, climatic conditions, mineral nutrient availability, different plant organs, developmental stage, and varieties [16, 17] . Neoglucobrassicin is usually a minor GSL in broccoli, with a content of less than 10 μmol/g dry wt. in Portuguese broccolis or 1 μmol/g dry wt. in Thailand broccolis [19, 20] . In contrast, glucoraphanin is usually reported as a major GSL in broccoli, even though its content varies widely between cultivars [20, 21] . In this study, the level of glucoraphanin was very low and varied from 1.7 to 3.9 μmol/g dry wt. in the different media.
Many GSLs and their derived products have been reported to possess a variety of pharmacological and toxic activities, including goitrogenic activity, anti-bacterial and anti-fungal actions, and the ability to reduce the risk of certain human cancers [22, 23] . The role of sulforaphane was studied in depth by Talalay's research group in the 1990s because of its well-known activity as a potential cancer chemopreventive agent [24, 25] . Sulforaphane is hydrolyzed from glucoraphanin, which is an abundant GSL in broccoli. Therefore, Talalay's research group identified lines/cultivars and developmental stages of broccoli with higher glucoraphanin content [26, 27] , later named "Super sprouts". Our results indicate that hairy root culture is a valuable alternative approach for the production of glucosinolate compounds from broccoli. Our current laboratory efforts are aimed at further improving glucosinolate compound production in hairy root cultures of broccoli. 
Seed sterilization and germination:
Seeds of Brassica oleracea var. italica, cv. Equus were purchased from Asia Seeds Ltd., Seoul, Korea. The seeds were surface-sterilized with 70% (v/v) ethanol for 1 min and 2% (v/v) sodium hypochlorite solution for 10 min, then rinsed 3 times in sterilized water. Six seeds were placed on 25 mL of agar-solidified culture medium in Petri dishes (100 x 15 mm). The basal medium consisted of salts and vitamins of MS [28] medium and solidified with 0.8% (w/v) agar. The medium was adjusted to pH 5.8 before adding agar, and then sterilized by autoclaving at 121 o C for 20 min. The seeds were germinated in a growth chamber at 25 o C under standard cool white fluorescent tubes with a flux rate of 35 µmol s -1 m -2 and a 16-h photoperiod.
Growth of Agrobacterium rhizogenes:
The culture of A. rhizogenes strain R1000 was initiated from glycerol stock and grown overnight at 28 o C with shaking (180 rpm) in liquid Luria-Bertani medium (1% tryptone, 0.5% yeast extract, and 1% NaCl, pH 7.0), to mid-log phase (OD600 = 0.5). The A. rhizogenes cells were collected by centrifugation for 10 min at 224 g and resuspended in liquid inoculation medium (MS salts and vitamins containing 30 g sucrose per L). The A. rhizogenes cell density was adjusted to an A 600 of 1.0 for inoculation.
Establishment of hairy root cultures:
Young stems of Brassica oleracea var. italica were taken from plants grown in vitro and were cut at the ends into 7 mm sections. Excised stems were dipped into A. rhizogenes R1000 culture in liquid inoculation medium for 10 min, blotted dry on sterile filter paper, and incubated in the dark at 25C on agar-solidified MS medium. After 2 days of co-cultivation, the explant tissues were transferred to a hormone-free medium containing MS salts and vitamins (0.5 mg/L nicotinic acid, 0.5 mg/L pyridoxine-HCl, 0.1 mg/L thiamine-HCl, and 2.0 mg/L glycine), 30 g/L sucrose, 500 mg/L cefotaxime, and 8 g/L agar. Numerous hairy roots were observed emerging from the wound sites of explants within 2 weeks. The hairy roots were separated from the explant tissue and subcultured in the dark at 25C on agar-solidified MS medium. After repeated transfer to fresh medium, rapidly growing hairy root cultures were obtained. Isolated roots (0.5 g/L) were transferred to 30 mL of MS liquid medium, containing 30 g/L sucrose, in 100 mL flasks. Root cultures were maintained at 25C on a gyratory shaker (100 rev/min) in a growth chamber under standard cool white fluorescent tubes with a flux rate of 35 mol s -1 m -2 and a 16 h photoperiod. After 30 days of culture, hairy roots were harvested. Dry weight and glucosinolate contents were determined.
Extraction of desulfo-glucosinolates (DS-GSLs) and HPLC analysis:
DS-GSLs were extracted using a slight modification of the procedures reported in previous studies [29, 30] . Briefly, crude GSLs were extracted from the freeze-dried powder (100 mg) by 1.5 mL of boiling 70% (v/v) MeOH at 70°C for 5 min in a water-bath. After centrifugation at 12,000 rpm at 70°C for 5 min in a Hanil microcentrifuge (MICRO 17R, Incheon, Korea), the supernatant was collected into a 5 mL test tube, and the residue re-extracted twice as described above. The combined supernatants were taken as the crude GSL extract. The extracts were loaded into a mini-column previously packed with DEAE-Sephadex A-25 (40 mg dry weight) and desulfated by the addition of 75 μL of an aryl sulfatase solution (23 mg/mL). DS-GSLs were eluted into a 2 mL microcentrifuge tube with 0.5 mL (×3) of ultrapure water. The separation of DS-GSLs was carried out on a reversed-phase Inertsil ODS-3 column (150 × 3.0 mm i.d., particle size 3 μm; GL Sciences, Tokyo, Japan) with an E type cartridge guard column (10 × 2.0 mm i.d., 5 μm) using an Agilent Technologies 1200 series HPLC system (Palo Alto, CA, USA). The column oven temperature and the detection wavelength were set at 40°C and 227 nm, respectively, and the flow rate was 0.2 mL/min. The mobile phase consisted of ultrapure water (solvent A) and CH 3 CN (solvent B). The gradient programs were as follows: a linear step from 7% to 24% of solvent B for 18 min, 24% of solvent B for the next 14 min, followed by a rapid drop to 7% B at 32.1 min, and then isocratic conditions with 7% B for 8 min (total 40 min). The quantification was performed using 5 mL of sinigrin solution (0.1 mg/mL), which was passed through the same extraction process.
LC/ESI-MS/MS analysis for quantitation of desulfoglucosinolates (DS-GSLs):
The MS/MS data were acquired by electrospray ionization (ESI)-mass spectrometry with an API 4000 Q TRAP (Applied Biosystems, Foster City, CA, USA) system in positive ion mode ([M+H]+), equipped with an Agilent 1200 series HPLC. The analytical conditions for mass spectrometry were as follows: scan range, m/z 100 ~ 800; scan time, 4.8 s; curtain gas, 20 psi (N2); heating gas temperature, 550°C; nebulizing gas, 50 psi; heating gas, 50 psi; ion spray voltage, 5500 V; declustering potential, 100 V; entrance potential, 10 V.
Statistical analysis:
Data were subjected to analysis of variance (ANOVA) with sums of squares partitioned to reflect trial effects using the SAS Software release 9.2 and means were separated via Duncan Multiple Range Test.
